DNA methylation-dependent heterochromatin formation is a conserved mechanism of epigenetic silencing of transposons and other repeat elements in many higher eukaryotes. Genes adjacent to repetitive elements are often also subjected to this epigenetic silencing. Consequently, plants have evolved antisilencing mechanisms such as active DNA demethylation mediated by the REPRESSOR OF SILENCING 1 (ROS1) family of 5-methylcytosine DNA glycosylases to protect these genes from silencing. Some transposons and other repeat elements have found residence in the introns of genes. It is unclear how these intronic repeat elements-containing genes are regulated. We report here the identification of ANTI-SILENCING 1 (ASI1), a bromo-adjacent homology domain and RNA recognition motif-containing protein, from a forward genetic screen for cellular antisilencing factors in Arabidopsis thaliana. ASI1 is required to prevent promoter DNA hypermethylation and transcriptional silencing of some transgenes. Genome-wide DNA methylation analysis reveals that ASI1 has a similar role to that of the histone H3K9 demethylase INCREASE IN BONSAI METHYLATION 1 (IBM1) in preventing CHG methylation in the bodies of thousands of genes. We found that ASI1 is an RNA-binding protein and ensures the proper expression of IBM1 full-length transcript by associating with an intronic heterochromatic repeat element of IBM1. Through mRNA sequencing, we identified many genes containing intronic transposon elements that require ASI1 for proper expression. Our results suggest that ASI1 associates with intronic heterochromatin and binds the gene transcripts to promote their 3′ distal polyadenylation. The study thus reveals a unique mechanism by which higher eukaryotes deal with the collateral effect of silencing intronic repeat elements.
DNA methylation-dependent heterochromatin formation is a conserved mechanism of epigenetic silencing of transposons and other repeat elements in many higher eukaryotes. Genes adjacent to repetitive elements are often also subjected to this epigenetic silencing. Consequently, plants have evolved antisilencing mechanisms such as active DNA demethylation mediated by the REPRESSOR OF SILENCING 1 (ROS1) family of 5-methylcytosine DNA glycosylases to protect these genes from silencing. Some transposons and other repeat elements have found residence in the introns of genes. It is unclear how these intronic repeat elements-containing genes are regulated. We report here the identification of ANTI-SILENCING 1 (ASI1), a bromo-adjacent homology domain and RNA recognition motif-containing protein, from a forward genetic screen for cellular antisilencing factors in Arabidopsis thaliana. ASI1 is required to prevent promoter DNA hypermethylation and transcriptional silencing of some transgenes. Genome-wide DNA methylation analysis reveals that ASI1 has a similar role to that of the histone H3K9 demethylase INCREASE IN BONSAI METHYLATION 1 (IBM1) in preventing CHG methylation in the bodies of thousands of genes. We found that ASI1 is an RNA-binding protein and ensures the proper expression of IBM1 full-length transcript by associating with an intronic heterochromatic repeat element of IBM1. Through mRNA sequencing, we identified many genes containing intronic transposon elements that require ASI1 for proper expression. Our results suggest that ASI1 associates with intronic heterochromatin and binds the gene transcripts to promote their 3′ distal polyadenylation. The study thus reveals a unique mechanism by which higher eukaryotes deal with the collateral effect of silencing intronic repeat elements.
DNA methylome | ChIP | gene expression I n higher eukaryotes including plants, DNA methylation is an important epigenetic mark that silences transposons and other repetitive elements. In Arabidopsis thaliana, DOMAINS REARRANGED METHYLASE 2 (DRM2) catalyzes de novo DNA methylation in all cytosine contexts including CG, CHG, and CHH (H represents A, T, or G) (1) , through the RNAdirected DNA methylation pathway (RdDM) (2) (3) (4) (5) (6) (7) (8) (9) . At the same time, preexisting DNA methylation in plants can be pruned by enzymatic excision that is catalyzed by a subfamily of bifunctional DNA glycosylases represented by REPRESSOR OF SI-LENCING 1 (ROS1) and DEMETER (DME) (10) (11) (12) (13) (14) . Following the enzymatic removal of 5-methylcytosine, the resultant singlenucleotide gap is filled with an unmodified cytosine through the DNA base excision repair pathway (15, 16) .
Cytosine methylation and demethylation are both tightly linked with histone modifications. Increased DNA methylation was observed in an A. thaliana mutant defective in INCREASED DNA METHYLATION 1 (IDM1), an acetyltransferase that catalyzes acetylation of histone H3 lysine 18 (H3K18) and lysine 23 (H3K23) necessary for subsequent DNA demethylation and prevention of transcriptional silencing (17) . In A. thaliana, the repressive histone mark H3K9me2 is established mainly by the histone methyltransferase KRYPTONITE (KYP) (18) . KYP and CHROMOMETHYLASE 3 (CMT3) bind to CHG methylation and H3K9me2, respectively, thereby forming a self-reinforcing loop of DNA methylation and H3K9me2 (4, 19) . In addition, the binding of SAWADEE HOMEODOMAIN HOMOLOG 1 (SHH1) to methylated H3K9 helps recruit the DNA-DEPENDENT RNA POLYMERASE IV (Pol IV) for generation of heterochromatic siRNAs that mediate RdDM (20) . Accumulation of H3K9 methylation is negatively regulated by the histone demethylase IBM1, the mutation of which results in elevated levels of H3K9me2 and concomitant CHG hypermethylation in thousands of genic loci (21, 22) .
Although DNA methylation at promoters and intergenic transposon elements (TEs) generally correlates with transcriptional repression, the role of gene body methylation is mostly unclear. On a whole-genome scale, A. thaliana and human cytosine methylation show a preference for nucleosome-bound DNA over flanking sequences (23) , indicating an interplay between DNA methylation and RNA biogenesis because nucleosomes are highly enriched on exons and are preferentially positioned at intron-exon and exon-intron boundaries (23) . It has been proposed that exonic cytosine methylation may serve as Significance Transposons in higher eukaryotes are subject to epigenetic silencing. Some transposons have found residence in introns of genes. It is unclear how intronic transposon-containing genes are regulated. This paper reports a cellular factor, ANTI-SILENCING 1 (ASI1), which is required for proper expression of intronic transposon-containing genes. ASI1 plays an important role in regulating genome DNA methylation patterns. The work represents a major advancement in cellular antisilencing mechanisms. A previously undescribed mechanism for higher eukaryotes to cope with the collateral effects of silencing intronic transposon elements is discovered. This work has implications beyond the plant epigenetics field because studies in mammalian systems have suggested important roles of intronic heterochromatin on 3′ distal polyadenylation, although the underlying mechanism is not known. a physiological barrier that slows Pol II during transcription elongation, thereby influencing cotranscriptional pre-mRNA splicing (24, 25) . Indeed, a positive correlation between DNA methylation and inclusion of alternative exons was observed in human and honeybee (26, 27) . DNA methylation can also be found in introns and show, in some cases, positive regulation of gene expression by unknown mechanisms. Gene expression of EARLY GROWTH RESPONSE 2 (EGR2), a mammalian tumor suppressor, is enhanced by intronic DNA methylation (28) . Similarly, DNA methylation of an intronic repeat element was shown to be necessary for generating full-length transcripts of IBM1 in A. thaliana (29) . Alternative polyadenylation was observed in mouse imprinted histocompatibility 13 (H13) and HECT AND RLD DOMAIN CONTAINING PROTEIN 3 (Herc3) genes, in which differential DNA methylation in an intron dictates RNA polyadenylation sites (30, 31) . It follows that intronic DNA methylation can be a cis-element that affects alternative polyadenylation and regulates the expression levels of functional fulllength transcripts. The transacting molecular factors involved in such epigenetic regulation, however, remain to be identified.
In this study, we identified and characterized ANTI-SILENCING 1 (ASI1), a previously undescribed epigenetic regulator that is important for genome DNA methylation patterns and prevention of gene silencing in A. thaliana. Through a forward genetic screen, we isolated the asi1-1 mutant that exhibited transcriptional silencing of reporter genes resulting from promoter DNA hypermethylation. We found that ASI1 is necessary for preventing gene body CHG hypermethylation across the genome. Our results show that a defect in the expression of IBM1 underlies the DNA hypermethylation patterns observed in the asi1-1 mutant. At IBM1 and other genic loci that contain heterochromatic elements in introns, ASI1 is required for the production of full-length transcripts by promoting distal polyadenylation downstream of the intronic heterochromatic elements. ASI1 associates specifically with heterochromatic sequences in introns and exhibits RNAbinding activity in vitro. Our research has thus uncovered a transacting factor that is critical for the proper expression of genes with intronic heterochromatic elements. These results increase our understanding of the mechanisms used by higher eukaryotes to deal with the collateral effect of silencing intronic repeat elements.
Results

ASI1
Is an Antisilencing Factor. To identify antisilencing factors required for prevention of transcriptional gene silencing, we developed a unique transgene-based forward genetic screen in A. thaliana. In this system, the SUCROSE-PROTON SYM-PORTER 2 (SUC2) gene encoding a sucrose transporter is overexpressed under the Cauliflower Mosaic Virus 35S promoter (32) . When grown on a sucrose-containing culture medium, the 35S-SUC2 transgenic plants overaccumulate sucrose because of the high expression of SUC2, resulting in severe inhibition of root growth (Fig. 1A) . The transgenic plants also contain two 35S promoter-driven marker genes, HYGROMYCIN PHOSPHO-TRANSFERASE II (HPTII) and NEOMYCIN PHOSPHO-TRANSFERASE II (NPTII). From an ethyl methanesulfonatemutagenized 35S-SUC2 [hereinafter referred to as the wild type (WT)] population, we isolated a previously undescribed mutant, asi1-1, and mutant alleles of the known antisilencing factors ROS1 and IDM1 (10, 17) , which show a derepression of root growth and silencing of the 35S-SUC2, 35S-HPTII, and 35S-NPTII transgenes (Fig. 1B) . Map-based cloning revealed that asi1-1 is a recessive mutant allele of AT5G11470 that encodes a bromo-adjacent homology (BAH) domain and an RNA recognition motif (RRM)-containing protein (Fig. 1C) . The asi1-1 mutation changed glutamine-321 to a premature stop codon ( Fig. 1 and Fig. S1 ). Introduction of WT AT5G11470 genomic DNA rescued the short root and transgene silencing defects of the asi1-1 mutant (Fig. 1A and Fig. S2 ), suggesting that ASI1 is a previously undescribed antisilencing factor.
To test whether DNA methylation is associated with transgene silencing, we treated the asi1-1 mutant, the WT, and complementation plants with 5-Aza-2′-deoxycytidine (5′Aza), a DNA methylation inhibitor. We found that the silencing of transgenes in asi1-1 was suppressed by 5′Aza treatment (Fig. 1D) , suggesting that the silencing in asi1-1 was associated with DNA methylation. We then determined the DNA methylation levels of the 35S promoter in asi1-1 by genome bisulfite sequencing. The data showed clear increases in CHG (H is A, T, or C) and CHH methylation in the 35S promoter in asi1-1 (Fig. 1E) . These results suggested that the transgene silencing in asi1-1 was caused by hypermethylation of promoter DNA. Real-time PCR assays showed that the expression of ROS1 and IDM1 was not reduced in asi1-1 (Fig. S3) , indicating that ASI1 may be a previously undescribed regulator of active DNA demethylation.
ASI1 Prevents CHG Hypermethylation in Gene Bodies Like IBM1.
Based on the whole-genome bisulfite sequencing data, we found 3,767 differentially methylated regions (DMRs) in asi1-1 mutant plants, among which 3,272 DMRs are hypermethylated and 495 are hypomethylated ( Fig. 2A and Fig. S4) . We compared the DMRs in asi1-1 with those in rdd (ros1, dml2, and dml3 triple mutant) and ibm1-4. ROS1, DEMETER-LIKE 2 (DML2), and DML3 are 5-methylcytosine DNA glycosylases required for protecting transposon elements (TEs) and other repeat sequences from hypermethylation (12) (13) (14) . IBM1 is a histone H3K9 demethylase that protects genes from CHG hypermethylation by CMT3 (21) . As expected, most of the hyper-DMRs in rdd corresponded to TEs and intergenic sequences rather than to genes. However, most of the hyper-DMRs in asi1-1 were mapped to genes, which was very similar to the case with ibm1-4 ( Fig. 2A) . Approximately 81% (2,652/3,272) of the hyper-DMRs in asi1-1 overlapped with those in ibm1-4, whereas only 10% overlapped with those in rdd ( Fig. 2A and Fig. S4 ). In DMRs that overlapped between asi1-1 and ibm1-4, CHG methylation was dramatically increased (Fig. 2  B and C) . In contrast, the DMRs that were shared by asi1-1 and rdd or by asi1-1, ibm1, and rdd showed increases not only in CHG methylation but also in CG and CHH methylation (Fig. 2B) .
To further characterize the DNA methylation profiles, we analyzed the distribution of DNA methylation along the gene bodies, TEs, and their 2-kb upstream and downstream flanking sequences in the three mutants. There was a significant increase in CHG methylation and a slight increase in CHH methylation but no change in CG methylation in gene bodies in asi1-1 and in ibm1-4 ( Fig. 2 B-D) . In contrast, the CHG and CHH methylation of TEs was slightly reduced in asi1-1 and ibm1-4 mutants but not in the rdd mutant (Fig. S5) . Like the genic CHG hypermethylation in ibm1-4, the genic CHG hypermethylation in asi1-1 was strongly associated with gene length. Longer genes were more heavily hypermethylated than shorter ones in asi1-1 and ibm1-4 (Fig. S6) . These results suggest that ASI1 may act in the same pathway as IBM1 in preventing genic CHG methylation.
ASI1 Controls the Expression of Full-Length IBM1 Transcript. IBM1 is known to produce two transcripts (29) , a long form (IBM1-L) containing the jmjC histone demethylase domain and a short form (IBM1-S) lacking the domain (Fig. 3A) . Real-time RT-PCR assays showed that the IBM1-L transcript was substantially reduced in asi1-1 compared with the WT, whereas the IBM1-S transcript was slightly increased (Fig. 3B) . The total amount of IBM1 transcripts (IBM1-5′) containing both IBM1-L and IBM1-S was slightly reduced in asi1-1 (Fig. 3B) . Northern analysis supported these conclusions (Fig. 3C) . Consistent with these findings, mRNA sequencing (mRNA-seq) experiments showed that the expression of the IBM1-3′ region was reduced (Fig. 3D) . The 3′Rapid Amplification of cDNA Ends (RACE) assay revealed the presence of two major polyadenylated IBM1 transcripts (Fig.  3D) . Polyadenylation occurred predominantly at the 3′ distal end in the WT but mainly in the seventh intron of the IBM1 gene in the asi1-1 mutant (Fig. 3D) . These results showed that ASI1 is required for accumulation of the IBM1-L transcript.
The IBM1 gene contains a very large (1,974-bp) seventh intron, in which a ∼500-bp repeat sequence (referred to as IBM1-IH) is methylated and enriched in H3K9 dimethylation (Fig. 3D) (29) . The accumulation of IBM1-L transcript depends on CG and CHG methylation of this region (29) . Our whole-genome bisulfite sequencing confirmed that the IBM-IH region was indeed heavily methylated and that the asi1-1 mutation did not affect this methylation (Fig. 3D) . To determine the potential importance of IBM1-IH in ASI1 regulation of IBM1 expression, we introduced a WT IBM1 genomic DNA clone driven by its native promoter (pIBM1::IBM1) as well as a corresponding construct lacking only the IBM1-IH region (pIBM1::IBM1ΔIH) into the asi1-1 mutant. The results showed that IBM1-L expression was restored to the WT level in asi1-1 by pIBM1::IBM1ΔIH but not by pIBM1::IBM ( Fig. 3E) . DNA methylation-sensitive PCR assays showed that CHG hypermethylation in tested loci, including BONSAI, was suppressed in pIBM1::IBM1ΔIH but not in pIBM1::IBM1 transformants (Fig. 3F) . The transgene silencing and root growth phenotypes of asi1-1 were also suppressed in pIBM1::IBM1ΔIH but not in pIBM1::IBM1 transformants (Fig. 3E) . Furthermore, developmental defects of asi1-1 such as dwarf stature and short siliques, which were also observed in ibm1 mutant plants, were rescued by expression of pIBM1::IBM1ΔIH (Fig. S7) . These results demonstrated that the function of ASI1 in preventing transgene silencing and CHG hypermethylation is explained by its regulation of IBM1 and that this regulation requires the intronic heterochromatin region.
ASI1 Controls the Alternative Processing of Intronic Heterochromatin-
Containing Genes by Promoting 3′ Distal Polyadenylation. To investigate whether ASI1 plays a general role in regulating genes with a large and heterochromatic intron like that in IBM1, we searched and found 683 genes with intronic TEs; 45 of them possibly had a reduced expression in the 3′ region downstream of the TEs according to our cutoff (Table S1 ). The three candidate genes with the largest intronic TEs were selected for further analysis (Fig. 4 and Table S1 ). Our methylome data indicated the presence of a heavily methylated TE in a large intron in two of these three genes: COPIA8B in AT1G58602 and ATLINE2 in AT3G05410 (Fig.  4) . The third gene, AT1G11270, contains a COPIA78 family TE in a large intron, and the TE is methylated near its two ends (Fig. 4) . For all three of these genes, Northern blot and RT-qPCR analyses showed that there were lower levels of full-length transcripts with 3′ distal polyadenylation in asi1-1 than in the WT. The 3′ RACE assays showed the presence of multiple shorter transcripts with polyadenylation inside the TE or broader heterochromatic region for the three candidates and the absence of full-length transcripts with 3′ distal polyadenylation for two of the three genes in the asi1-1 mutant (Fig. 4) . These results suggest that ASI1 is required for the proper expression of genes with heterochromatic introns.
ASI1 Is Enriched in the Intronic Heterochromatin Region of Target
Genes. To investigate the underlying mechanism of ASI1-mediated mRNA processing of intronic heterochromatin-containing genes, we first performed chromatin immunoprecipitation (ChIP) assays to determine whether ASI1 affects Pol II elongation through the heterochromatic introns. The results show that there were no substantial differences between asi1-1 and the WT in Pol II occupancy in the heterochromatic intron or in the 5′ or 3′ flanking regions of IBM1, AT1G11270, AT3G05410, or AT1G58602 (Fig. 5A) .
Because ASI1 has a BAH domain that is known to associate with chromatin (34), we determined whether ASI1 associates in vivo with the intronic heterochromatin of affected genes. ChIP experiments were carried out using anti-Flag antibodies on asi1-1 plants complemented with native promoter-driven 3FLAG-ASI1. WT plants without 3FLAG-ASI1 were used as the negative control. Real-time PCR assays showed that in comparison with the upstream and downstream regions, the intronic heterochromatic regions of IBM1, AT1G58602, and AT3G05410 were enriched with ASI1 (Fig. 5B) . As expected, the IBM1 promoter; the SUC2 intron, which is a methylated intron (Fig. S8) ; and the solo LTR, which is a methylated transposon (35), were not enriched with ASI1 (Fig. 5B) . These results suggest that ASI1 associates specifically with intronic heterochromatin.
ASI1 Is an RNA-Binding Protein. Because the ASI1 protein has an RRM domain, which was predicted to have a single-stranded RNA binding function (36), we tested whether ASI1 may have RNA binding activity. Glutatione S-transferase (GST)-fused ASI1 protein was used for electrophoretic gel mobility shift assays. The results showed that GST-ASI1 but not GST alone could bind to a 60-nt single-stranded RNA. The binding signal increased as more GST-ASI1 protein was used, and the binding was competitively eliminated by addition of the unlabeled RNA of the same sequence (Fig. 5C) . The results suggest that ASI1 is an RNAbinding protein, consistent with the presence of an RRM motif in the protein.
Discussion DNA methylation at TEs and gene promoters is known to confer epigenetic silencing. This and several other studies (29) (30) (31) have found that DNA methylation at intronic TEs and other repeat elements is necessary for the proper expression of genes. It appears that organisms have evolved to take advantage of methylated introns to regulate the expression of genes harboring the methylated repeat elements. ASI1 is an important part of this unique mechanism of regulating genes via their intronic heterochromatic elements.
Mutation of ASI1 significantly decreases the level of full-length IBM1 transcripts. As a consequence, the asi1-1 mutant showed similar DNA hypermethylation patterns to those observed in ibm1. Both the asi1-1 and ibm1 mutants accumulate genome-wide DNA hypermethylation that mainly occurs in the CHG context within gene bodies. Comparative analyses of asi1-1 and ibm1 methylomes showed that the majority of hypermethylated loci in asi1-1 are also hypermethylated in ibm1. These overlapping loci include the BONSAI locus, the hypermethylation of which allowed the isolation of ibm1 mutants. A small percentage of asi1-1-induced hypermethylation also exists in the DNA demethylase triple mutant rdd. Some of this hypermethylation does not occur in ibm1, indicating that ASI1 may have IBM1-independent roles in regulating DNA demethylation and preventing transcriptional silencing. Nevertheless, transformation of pIBM1::IBM1ΔIH in the asi1-1 mutant restored the expression of full-length IBM1 transcripts and rescued not only the gene body CHG hypermethylation phenotype but also the developmental defects of asi1-1 mutant plants. These results suggest that many of the functions of ASI1 can be attributed to its regulation of IBM1 expression. Compared with asi1-1, ibm1 displayed greater levels of CHG hypermethylation. Such a pattern is consistent with the fact that asi1-1 mutation substantially reduces, but does not abolish, the full-length IBM1 transcript.
The seventh intron of the IBM1 gene contains a heterochromatic repeat sequence where DNA methylation and histone H3K9 methylation are necessary for accumulation of the full-length functional transcripts (29) . IBM1, AT3G05410, and AT1G58602 maintain dense DNA methylation in the intronic heterochromatic element in the asi1-1 mutant, indicating that the heterochromatic feature alone is insufficient to promote the 3′ distal polyadenylation that generates full-length transcripts and that the transacting factor ASI1 is necessary to ensure the production of full-length transcripts.
At IBM1 and several other genes with intronic heterochromatic elements, ChIP assays showed that occupancy of the elongating Pol II is not affected by the asi1-1 mutation, suggesting that transcription elongation is independent of ASI1 function. In addition, Pol II does not seem to exhibit greater occupancy at the intronic heterochromatic regions than at their corresponding 5′ and 3′ portions, indicating that ASI1 function does not involve alteration in transcriptional elongation kinetics. mRNA-seq and individual 3′-RACE analyses demonstrated that ASI1 facilitates distal polyadenylation downstream of the intronic heterochromatic elements or inhibits proximal polyadenylation, thereby promoting the generation of full-length transcripts. Highly used polyadenylation sites are positively associated with an mRNA structure that is energetically favorable and one that effectively exposes a critical polyadenylation cis-element (37). ASI1 contains a chromatin-binding BAH domain and an RNA-binding RRM motif. ChIP assays revealed that ASI1 associates with heterochromatic elements that reside within introns but not within gene promoters or intergenic regions, although it remains unclear how such specificity is achieved. One possibility is that unlike heterochromatic elements in gene promoters or intergenic regions, intronic heterochromatic elements are actively transcribed and thus must have various active chromatin marks in addition to their heterochromatic marks. Given that ASI1 also showed RNA-binding activities in vitro, we hypothesize that the intronic heterochromatin-associated ASI1 may bind to the premRNAs in vivo and the RNA-binding subsequently induces an RNA structure that favors 3′ distal polyadenylation over proximal polyadenylation. Alternatively, ASI1 may impede the formation of an RNA structure that favors proximal polyadenylation. In either case, ASI1 promotes distal polyadenylation that generates full-length transcripts (Fig. 6 ).
Our mRNA-seq analyses identified dozens of intronic heterochromatin-containing genes that require ASI1 for proper expression. Other intronic heterochromatin-containing genes may require the ASI1 paralog, AT3G15605, for proper expression. For some of these intronic heterochromatin-containing genes, proximal polyadenylation-generated shorter transcripts could be functional, and the alternative polyadenylation may even be subjected to regulation by developmental or environmental cues. It appears that the control of gene expression by intronic heterochromatic elements is a common biological feature and that plants have acquired an ASI1-dependent mechanism to ensure the proper expression of this type of genes. Alternative polyadenylation regulated by intronic DNA methylation has also been observed in the mouse imprinted genes H13 and Herc3, in which the methylated and unmethylated alleles use downstream and upstream polyadenylation sites, respectively (30, 31) , supporting the conclusion that DNA methylation plays a positive role in determining the use of polyadenylation sites. It is likely that mammalian cells require transacting factors like ASI1 for the epigenetic regulation of alternative polyadenylation.
Materials and Methods
Details are provided in SI Materials and Methods, including plant materials and growth conditions, map-based cloning and identification of the ASI1 locus, plasmid construction and mutant complementation, DNA methylationsensitive PCR, quantitative real-time PCR, Northern blot analysis, 3′RACE, ChIP assays, protein purification and EMSAs, whole-genome bisulfite sequencing and analysis, and mRNA-seq data analysis. Primers used in this study are listed in Table S2 . The raw data of mRNA-seq of asi1-1, WT, and bisulfite sequencing of asi1-1 have been deposited in the GEO database (accession no. GSE48026). The bisulfite sequencing of ibm1-4 has also been deposited in the GEO database (accession no. GSE48053).
